Bacteriophage R17 is a small icosahedral phage having a diameter of about 13.5 nm (9). The phage has a single-stranded RNA genome, which is surrounded by 180 coat protein subunits and 1 assembly protein subunit for attachment to susceptible cells (7, 14, 21, 25) . Recently, it has been shown that assembly protein is located on the surface of the phage (2), which is compatible with its role as an attachment site. In terms of the integrity of the phage, assembly protein participates in maintaining the barrier between the phage genome and the external environment, since the genome of mutants that lack assembly protein is degraded by treatment with RNase (8, 14) . In this study the organization and stability of the coat protein capsid of the R17 phage was compared with an amber mutant that lacks assembly protein. The absence of assembly protein alters the surface of the capsid and decreases the stability of the capsid as measured by dissociation with sodium dodecyl sulfate (SDS). Thus, assembly protein appears to also have a general effect on the capsid structure.
Bacteriophage R17 is a small icosahedral phage having a diameter of about 13 .5 nm (9) . The phage has a single-stranded RNA genome, which is surrounded by 180 coat protein subunits and 1 assembly protein subunit for attachment to susceptible cells (7, 14, 21, 25) . Recently, it has been shown that assembly protein is located on the surface of the phage (2) , which is compatible with its role as an attachment site. In terms of the integrity of the phage, assembly protein participates in maintaining the barrier between the phage genome and the external environment, since the genome of mutants that lack assembly protein is degraded by treatment with RNase (8, 14) . In this study the organization and stability of the coat protein capsid of the R17 phage was compared with an amber mutant that lacks assembly protein. The absence of assembly protein alters the surface of the capsid and decreases the stability of the capsid as measured by dissociation with sodium dodecyl sulfate (SDS). Thus, assembly protein appears to also have a general effect on the capsid structure.
MATERIALS AND METHODS Bacteria and bacteriophage. Amber mutant amA31 of the bacteriophage R17, along with the nonpermissive and permissive indicator strains, Escherichia coli S26 and S26RIE, respectively, were provided by R. Kamen. The viral mutant was grown and plaqued on E. coli S26RIE by the method of Tooze and Weber (24) and contained less than 1.0% revertants. E. coli S26 was used to grow wild-type R17 and produce defective particles of amA31 lacking the assembly protein after infection with complete amA31 grown in the permissive cells.
Growth and purification of wild-type R17 and defective amA31 phage. Growth of large batches of R17 and its purification are based on the published procedure of Vasquez et al. (25) . Briefly, batches (20-liter) of E. coli S26 grown in MS broth (20) to 3 x 108 cells per ml were infected with 10 PFU of R17 per cell. After 3 h of incubation, the cells were chilled and lysed by shaking with 10% (vol/vol) chloroform. The lysate was decanted, and 350 g per liter of ammonium sulfate was added. The precipitate was harvested by continuous-flow centrifugation in a Sorvall SS34 rotor at 18,000 rpm. The pellet was resuspended in 300 ml of 0.1 M NaCl and 0.05 M Tris, pH 7.2 (ST), buffer, and the phage was further purified by two cycles of differential centrifugation at 10,000 rpm in a Sorvall SS34 rotor for 20 min to remove debris and at 50,000 rpm in a Beckman SW50 rotor for 90 min to sediment the phage. The phage was resuspended in ST buffer containing 10-3 M MgCl2 and treated with a mixture of 5,ug of RNase A and 5 ,ug centrifugation at 39,000 rpm in a Beckman SW50 rotor for 24 h. The virus that banded at p = 1.43 was collected and dialyzed against ST buffer before being centrifuged through a 5 to 20% sucrose gradient containing ST buffer (11) at 27,000 rpm for 3.5 h at 5VC in a Beckman SW27 rotor. Phage bands in both CsCl and sucrose gradients were monitored by optical density at 280 nm (OD20) and PFU per fraction. The buoyant density of the phage was determined by measuring the CsCl concentration of fractions with a refractometer.
Defective amA31 phage particles were produced in E. coli S26, the nonpermissive host, and purified as described above. In the CsCl gradient, the defective particles banded at a buoyant density slightly lower than infectious units due to a partial loss of their RNA genome during treatment with RNase A (21) . Likewise, the defective particles sedimented slightly slower than the back-revertant, wild-type phage in a sucrose gradient (9) . Selection of defective-particle fractions with minimum infectivity per unit of adsorbance at 280 nm within the phage band resulted in partial purification of defective particles from intact phage. The final step in purification of the amA31 defective particles from wild-type phage made use of the inability of assembly protein-deficient mutants to adsorb to E. coli S26 (14) . Cells were grown to 4 x 108 cells per ml in MS and harvested by centrifugation at 10,000 rpm for 10 min in a Sorvall SS34 rotor. The cells were washed and resuspended in physiological saline containing 5 ml of 1 M CaCl2 and 2 ml of 50% glucose per liter. The cells were collected on a 142-mm membrane filter (Millipore Corp.), 0.22-,um pore size. Eight sheets of Whatman no. 4 filter paper were used as a prefilter to prevent clogging of the Millipore filter. Glucose and CaCl2 were added to the phage suspension at the concentrations indicated above, warmed at 37°C, and slowly filtered through the layer of cells. The defective particles passed through the filter, whereas the revertant, wild-type R17 adsorbed to the cells as expected (14) . The cell layer was washed with physiological saline containing CaCl2 and glucose to flush through residual defective phage. Purity of amA31 preparations was determined by the decreased number of PFU per OD280 of the phage suspension and SDS-polyacrylamide gel electrophoresis of nIlabeled protein from SDS-disrupted phage.
Lactoperoxidase-catalyzed iodination of R17 and amA31 defective phage. Enzymatic iodination of purified phage particles was done essentially as described by Gibson (6) . To Preparations of l"I-labeled coat protein were obtained from previously iodinated phage.
SDS-polyacrylamide gel electrophoresis. Purity of phage preparations was examined by analysis on SDS-polyacrylamide gels. The 17-by 0.8-cm or 8-by 0.8-cm gels were prepared and run according to the method of Weber and Osborn (27) , except the reducing agent was omitted when phage protein was analyzed. Phage samples were dissociated by heating for 1 min at 90°C in 1.0% SDS. The protein bands in the gels were fixed and stained in 0.7% Coomassie brilliant blue, and the gel was destined by diffusion in a solution of 20% methanol, 10% acetic acid, and 70% water. Proteins labeled with "1I were detected by counting gel fractions in a Beckman Biogamma counter.
Purification of assembly protein. Assembly protein was purified according to the procedure of Steitz (21) . The procedure consists of solubilizing purified phage in 6 Absorbed antisera were then centrifuged at 50,000 rpm at 5°C in a Beckman SW50 rotor to remove the excess residual virus, which appeared as a minute translucent pellet.
SDS dissociation of phage. Purified phage preparations containing either 2 or 4 mg of protein per ml were dissociated in 1% SDS. Freshly dissociated phage preparations were used for each experiment. Phage was dissociated with SDS under four conditions: (i) incubation at room temperature (22°C) for 15 min before use; (iu) incubation at 37°C for 15 min; (iii) heating at 90 to 95°C for 1 min; and (iv) heating at 90 to 95°C for 4 min. Preparations were then immediately analyzed by SDS-polyacrylamide gel electrophoresis for intermediates of capsid dissociation caused by the particular treatment.
SDS-polyacrylamide gel electrophoresis of intermediates of phage dissociation. Intermediates of phage dissociation in SDS were examined on SDSpolyacrylamide gels. The 8-by 0.8-cm gels containing 10% acrylamide were prepared and run according to the method of Weber and Osborn (27) , except the reducing agent was usually omitted. Gels for the separation of unusually large proteins contained 2% acrylamide and 2% agarose to solidify them. Thus, for separation of phage particles from intermediates of SDS-dissociated capsids, the acrylamide concentration described for separation of nucleic acid molecules was used (15, 20) with the standard buffer system and procedure described by Weber and Osborn (27) . The 50-ul samples were layered on the gels and subjected to electrophoresis at a constant current of 4.5 mA/gel.
The protein bands were fixed in 12% trichloroacetic acid and incubated for 24 h at room temperature in 20% methanol in 10% acetic acid as an additional precaution to remove possible traces of free "1I not removed by previous procedures. The gels were then cut into equal fractions, and the radioactivity was counted in a Beckman Biogamma counter.
RESULTS
Purification of R17 and amA31 phage antigens. Since amA31 defective phage particles were to be used to prepare specific coat protein antibody and for the specific adsorption of coat protein antibody from R17 phage antiserum, it was essential that amA31 preparations be free of R17 phage. Normally, growth of amA31 results in production of 0.1 to 1% wild-type R17 phage revertants. When growing 20-liter batches of amA31, the number of revertants may occasionally exceed 10%. These revertants could elicit an immune response to wild-type antigenic determinants when immunizing with amA31 and consequently confuse interpretation of subsequent results. A method for elimination of wildtype phage from amA31 preparations was developed.
The CsCl equilibrium centrifugation profiles of purified R17 and amA31 are shown in Fig.  1A and B. In the case of R17, a single band was seen that comigrated with the infectivity of the preparation at a density of 1.43. The amA31 preparation produced a broader absorption profile. The maximum absorption (p = 1.41) was two fractions behind the maximum infectious units and slightly skewed toward the top of the gradient. The material with a density of 1.41 has a low ratio of PFU to OD2n and represented the amA31 defective particles whose RNA is partially removed by the prior RNase treatment (8, 14, 21) . Increased RNase treatment did not provide a better separation of defective amA31 particles from wild-type R17 back-revertants in the preparations.
Appropriate fractions from the CsCl gradients were dialyzed and sedimented in 5 to 20% sucrose gradients. In the case of amA31, only those fractions from the CsCl gradient with a low ratio of PFU to OD2n were pooled for further processing. The sucrose gradient profiles of R17 and amA31 are shown in Fig. 2A and B. As expected, the R17 sediments as a single band with the infectivity of the preparation. The amA31 band of OD sediments slightly slower than the band of infectivity. Again, the amA31 fractions with the lowest ratio of PFU to OD2n were selected for further purification.
The amA31 preparation was further purified by two cycles of filtration through a layer of E. coli S26 to remove wild-type R17 particles by Table 2 . This series of steps resulted in a 100,000-fold purification of the amA31 phage preparation. The most efficient means of removal of infectious R17 from the preparation was by adsorption to E. coli. Figure 3 shows the SDS-polyacrylamide gel patterns of: (i) diphtheria toxin and toxin fragments A and B used as markers; (ii) the purified, SDS-disrupted preparation of R17; (iii) the purified, SDS-disrupted preparation of amA31 after filtration through E. coli; and (iv) the 280 (5) .
absorbing material at the top of the CsCl gradient shown in Fig. 1B . As expected, the R17 preparation contained two protein components. The major coat protein band (molecular weight, 13,729) was near the running front of the gel, and the minor assembly protein component (molecular weight, 38,000) comigrated with diphtheria toxin fragment B (molecular weight, 38,000).
Three times the amount of amA31 as R17 protein was subjected to electrophoresis on a parallel gel. Only coat protein could be detected in amA31 preparations. In addition, no cellular proteins could be detected in amA31 preparations as a result of filtration of amA31 through the layer of E. coli. Gel 4 contains a sample from the top of the CsCl gradient shown in Fig.  1B . It contains coat protein and several highmolecular-weight compounds. This material was not used in subsequent experiments.
SDS-polyacrylamide gel electrophoresis of dissociated '25I-labeled phage preparations confirmed the results of the stained gels. They showed the assembly protein and coat protein bands from dissociated R17 phage and the complete absence of assembly protein in dissociated amA31 phage preparations (Fig. 4A and B) . The dissociated amA31 phage contained a major band of coat protein that migrated in the same position as the R17 phage coat protein marker (Fig. 4A) (Fig. 4C) .
Immunodiffusion analysis. Purified R17 phage and amA31 defective particles were tested for reactivity to R17 and amA31 antisera ( Fig.  5A and B) . Both antisera show a line of complete identity between two types of phage particles. The amA31 preparations show a second minor precipitin line, which shared identity with purified coat protein. The line of complete identity was more distinct after an additional 24 h of incubation. The second minor precipitin line associated with purified coat protein probably represents a polymer of coat protein subunits formed as they diffuse away from the 1% SDS dissociation reagent. Observation of coat protein polymers of MS2 during immunodiffusion have been reported (18) . The diffusion of SDS from the coat protein well usually caused a partial dissociation of the phage in the adjacent wells, resulting in a broad phage precipitin line. The light haze around the coat protein well was due to the buffer in the well, since its presence was independent of antigen and antibody (data not shown).
Both R17 and amA31 antisera also show a line of identity between SDS-dissociated R17 phage protein and SDS-dissociated amA31 phage protein (Fig. 6A and B) . This major precipitin line shares complete identity with purified coat protein. There also appears to be a minor precipitating antibody in R17 antisera, which reacts with dissociated R17 and amA31 phage. This minor precipitin line is at the edge of the R17 antibody wells in Fig. 6A and B and is often difficult to reproduce. This minor precipitin line has never been observed in reactions between amA31 antisera and purified coat protein or dissociated R17 and amA31 phage, suggesting the wild-type and defective particles may present some different antigenic determinants to the immune system resulting in a precipitating antibody unique to R17 antisera. 3 . SDS-polyacrylamide gel electrophoresis of purified R17 phage and amA31 defective particles. R17 phage and amA31 defective particles were purified as described in the text. Samples were subjected to electrophoresis at room temperature for 14 h at a constant current of 4.5 mA/gel in the buffer system described by Weber and Osborn (27 6 . Antigenic relationship between SDS-dissociated R17 and amA31 defective particles. Gel immunodiffusion slides contained 0.1% SDS as described in the text. Antigens were dissociated in 1% SDS at 90'C for I min at an antigen concentration of 1 or 2 mg/ml. An antigen concentration of 1 mg/ml is shown because little or no nonspecific precipitation occurred around the outer antibody wells under these conditions. (Table 4 ). Both R17 and amA31 antisera completely neutralized the infectivity of R17 phage during a 30-min incubation at 37°C. The R17 antiserum that was previously absorbed with amA31 had no neutralizing activity. Although antisera from rabbits immunized with purified assembly protein neutralized R17 phage, this activity could also be eliminated by (10) . prior adsorption with amA31 particles. This is not surprising since assembly protein preparations are contaminated by some coat protein (10, 17) . The level of coat protein contamination in purified assembly protein prepared in this laboratory has been previously reported (10) . The results indicate that the precipitating antibody that binds to coat protein of amA31 capsids functions in R17 phage neutralization.
Iodination of R17 and amA31 capsids. When equivalent amounts of R17 and amA31 capsids were labeled in parallel with "2I by the lactoperoxidase method, the amA31 preparation bound a significantly smaller amount of iodine (Table 5 ). Polyacrylamide gel analysis of the SDS-dissociated capsid preparations showed that the decreased labeling of coat protein mainly accounted for the decreased binding of 125I to preparations of amA31 capsids as compared with R17 capsids. Since conditions for iodination were identical, it appears that R17 capsids contain a greater number of exposed tyrosine sites available for iodination than amA31 capsids.
Intermediate of SDS dissociation of capsids detected by SDS-polyacrylamide gel electrophoresis. The effect of various treatments with SDS on the polyacrylamide gel profiles of dissociated "2I-labeled R17 and amA31 phage are shown in Fig. 7A and B and Fig. 8A and B. In Fig. 7A and B, the labeled phage was found in two regions of the gels. The larger component represents intact wild-type phage or amA31 defective particles, since infectious phage can be recovered from the fractions of the gel corresponding to this labeled material (Fig. 7A) .
The major portion of the remaining "2I-labeled protein migrates in the region of the purified coat protein marker. Very few intact amA31 capsids were detected after treatment with 0.1% SDS (Fig. 7B , Table  6 ). Under an identical treatment with 0.1% SDS, 62% of wild-type phage remain intact and co-VOL. 24, 1977 on October 18, 2017 by guest http://jvi.asm.org/ Downloaded from migrate with the infectious units on the gels (Fig. 7A, Table 6 ). Nearly 20% of the wild-type phage still remain intact under conditions that totally eliminate amA31 capsids, indicating that the absence of the single assembly protein molecule from the defective particle greatly influences the stability of the capsid structure.
The SDS-disrupted R17 and amA31 preparations were analyzed on 10% polyacrylamide gels to resolve the lower-molecular-weight 125I1 labeled phage components (Fig. 8A and B) . La Table 7 ). This material represents, at least in part, assembly protein that is iodinated in intact phage preparations (2) and would be expected to migrate in this region of the gel (1, 2, 7, 10).
The labeled material at the origin of the gels most likely represents intact phage, which would be excluded from the 10% polyacrylamide gels.
There also appears to be a minor band of labeled protein in fractions 5 and 6 of Fig. 8B . This Adsorption of R17 antisera with amA31 capsids results in the removal of all neutralizing antibody. The remaining antibody in absorbed sera that binds to R17 has no effect on phage infectivity. If the R17-specific antibody remaining in absorbed R17 antisera did bind to assembly protein of the phage, it would be difficult to explain the lack of interference with the function of the single phage adsorption site required for infectivity. In addition, the inability to elicit a specific neutralizing assembly protein antibody by immunization with either R17 phage or purified assembly protein suggests that this hydrophobic protein is probably a poor immunogen.
The increased iodination of R17 as compared with that of amA31 capsids supports the argument that there is a conformational change in coat protein influenced by the presence or absence of assembly protein. Polyacrylamide gel analysis has shown that the increased iodination of R17 capsids is mainly caused by the labeling of coat protein. This increased iodination of coat protein of R17 implies the availability of a larger number of tyrosine sites on the surface of R17 capsids and is compatible with an alteration of coat protein antigenic determinants on the surface of the capsid.
The configurational change in coat protein correlates with an altered stability of the capsid structure. It was noted that during purification of capsids (Fig. 1B and 3 ) and immunodiffusion analysis (Fig. 5A and B) capsid preparations of amA31 always contained some free coat protein subunits, suggesting an instability of the capsid structure. These initial observations were confinmed by a comparative study of the relative stability of R17 and amA31 capsids under controlled conditions of temperature and SDS treatment. The SDS dissociation of both R17 and amA31 progress through the same 38,000-dalton intermediate; however, the capsid of amA31 is much more sensitive to dissociation with SDS. The intermediate can be dissociated to coat protein subunits, and its relative size suggests it is probably composed of three subunits.
An '25I-labeled protein of approximately 27,000 daltons is also detected in dissociated preparations of R17 and amA31. This labeled material could not be reduced in size by extreme treatment with SDS and heat or by treatment with ,B-mercaptoethanol. It is also precipitated along with RNA and assembly protein when the cold acetic acid method is used to extract coat protein from R17 phage (Fig. 4C) . This labeled component of the phage preparations may be a contaminant or a phage structural protein similar to the "read-through" polypeptide seen in infected cells (12) and in the structure of group 4 RNA phages (1). This 27,000-dalton component cannot be detected in SDS-polyacrylamide gel electrophoregrams of unlabeled phage preparations (Fig. 3) . Similarly, Aoi and Kaesberg (1) could not see a read-through protein in stained electropherograms of disrupted R17 phage, even though it was clearly visible in electropherograms of disrupted members of group 4 RNA phages. The 27,000-dalton component is much smaller than the 38,000-dalton readthrough protein of the group 4 phage.
Besides its important biological functions (9, 10, 13, 14, 19) , the assembly protein subunit has been shown to influence the structure and stability of the phage capsid. Although several characteristics of assembly protein-deficient capsids have been described, the precise conformational changes in the coat protein of the capsid will require further examination by more refined methods. 
